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Abstract

Simulations and experiments of nanorods (NRs) show that co-assembly with block

copolymer (BCP) melts leads to the formation of a superstructure of side-to-side NRs

perpendicular to the lamellar axis. A mesoscopic model is validated against scan-

ning electron microscopy (SEM) images of CdSe NRs mixed with polystyrene-block -

poly(methyl methacrylate). It is then used to study the co-assembly of anisotropic

nanoparticles (NPs) with a length in the same order of magnitude as the lamellar spac-

ing. The phase diagram of BCP/NP is explored as well as the time evolution of the NR.

NRs that are slightly larger than the lamellar spacing are found to rotate and organise

side-to-side with a tilted orientation with respect to the interface. Strongly interacting

NPs are found to dominate the co-assembly while weakly interacting nanoparticles are

less prone to form aggregates and tend to form well-ordered con�gurations.

Block copolymer (BCP) melts can self assemble into well-ordered mesophases,1�4 which

are repeated periodically with a domain size H0, typically of the order of 1 − 300 nm.5

This periodicity makes BCPs excellent matrices to host nanoparticles (NPs), which can be

localised in speci�c regions of the phase-separated BCP.6,7

Mixtures of BCPs and colloids have long been studied using theory8,9 simulations10�12

and experiments13,14 due to the interesting behaviour resulting from the co-assembly of

selective nanoparticles and phase-separated block copolymer. Nanorods (NR) have attracted

considerable attention as constituents of functional polymer nanocomposite materials.15 The

orientational degree of freedom of anisotropic colloids introduces new possibilities of BCP/NP

co-assembly, thanks to the intrinsic ordered structures of the neat BCP (lamellar, cylindrical,

etc). For instance, gold NRs have been found to orient along the lamellar domain axis when

con�ned in one of the symmetrical phases.16,17 Similarly, gold NRs template the direction of

the cylindrical domains in an asymmetrical diblock copolymer mixture.18 Ordered arrays of

aligned NRs were achieved by Thorkelsson19,20 in the co-assembly of BCP and anisotropic
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particles, where NRs were organised in an end-to-end con�guration. Nanoplates alignment

in a lamellar-forming BCP has been recently studied.21

Experiments have reported the existence of an ordered phase when NRs are mixed with

asymmetric diblock copolymer22,23 in thin �lms. Shenhar and Banin studied polystyrene-

block -poly(methyl methacrylate) (PS-b-PMMA) copolymers mixed with PS-modi�ed CdSe

NRs, and found that NRs preferentially organized in a side-to-side con�guration, forming

long rows of particles in the PS domains, with an orientation normal to the interface between

BCP domains, ie, perpendicular to the direction of the lamella domain. Furthermore, the

number of rows and degree of order could be related to the size of the NRs and copolymer

spacing.

Theoretical and computational works have studied the self-assembly of BCP and anisotropic

NPs. Dissipative Particle Dynamics (DPD) has been largely used, thanks to the ability to

combine several beads into rod-like sequences. Zhang et al studied the phase behavior of

such systems and the orientation of nanoparticles,24�26 and the e�ect of shear in the global

orientation has also been quanti�ed.27 Osipov et al28�30 used strong and weak segregation

theory to determine the distribution of anisotropic particles in a diblock copolymer, with a

low fraction of NPs present in the system.

Here, we make use of the considerably fast Cell Dynamic Simulation (CDS) method to

simulate the BCP dynamics while Brownian Dynamics describes the assembly of ellipsoidal

colloids. These simulations are compared with experiments involving CdSe NRs, in order to

study the co-assembly of colloids within BCP domains. Simulations are used to gain insight

over the behavior and occurrence of the orientational order of anisotropic colloids. Ellipses

are used to mimic the shape of NRs.

The Cell Dynamic Simulation method has been used extensively both in pure BCP sys-

tems31�34 and nanocomposite systems,35 reproducing experiments such as aggregation of in-

compatible colloids36,37 and NP-induced phase transitions.38 Its relative computational speed

makes it suitable to study properties that involve large systems over extended times, while
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the phenomenological approach in its model limits its validity in the microscopic realm. This

hybrid method permits to explore the high NP �lling fraction regime, in which the presence

of NPs introduces considerable perturbations to the neat BCP matrix, such as morphological

phase transitions.

We aim to systematically study the phase behaviour of a polymer composite system

made of diblock copolymer and anisotropic NPs, restricting to the case of NPs which are

compatible with one of the copolymers. Size, shape and number of particles were explored,

to address its e�ect on both the diblock copolymer morphology and especially the colloidal

assembly. Several length scales are present in polymer nanocomposite systems,39 specially

in the case of NRs or elliptical particles. This variety of sizes has been shown to result

in interesting e�ects of con�nement, and presents a challenge for its study. Simulations

are compared with experimental results, to �rst assess its validity and then explore several

parameters and con�gurations which are experimentally more challenging.

Model

The evolution of the BCP/colloids system is determined by the excess free energy which can

be separated as

Ftot = Fpol + Fcc + Fcpl (1)

with Fpol being the free energy functional of the BCP melt, Fcc the colloid-colloid interaction

and the last contribution being the coupling term between the BCP melt and the colloids.

The diblock copolymer is characterized by the order parameter ψ(r, t) which represents

the di�erences in the local volume fraction for the copolymer A and B

ψ(r, t) = φA(r, t)− φB(r, t) + (1− 2f0) (2)

with respect to the relative volume fraction of A monomers in the diblock, f0 = NA/(NA +
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NB). The order parameter must follow the continuity equation in order to satisfy the mass

conservation of the polymer:

∂ψ(r, t)

∂t
= −∇ · j(r, t) (3)

If the polymer relaxes di�usely towards equilibrium, the order parameter �ux can be

expressed in the form

j(r, t) = −M ∇µ(r, t) (4)

as a linear function of the order parameter chemical potential

µ(r, t) =
δFtot[ψ]

δψ
(5)

Introducing these equations into the continuity equation and taking into account the

thermal �uctuations we obtain the Cahn-Hilliard-Cook equation (CHC)

∂ψ(r, t)

∂t
= M ∇2

[
δFtot[ψ]

δψ

]
+ ξ(r, t) (6)

where M is a phenomenological mobility constant and ξ is a white Gaussian random noise

which satis�es the �uctuation-dissipation theorem.40

The copolymer free energy is a functional of the local order parameter which can be

expressed in terms of the thermal energy kBT as

Fpol[ψ(r)] =

∫
dr

[
H(ψ) +

1

2
D|∇ψ|2

]
+

1

2
B

∫
dr

∫
dr′ G(r− r′)ψ(r)ψ(r′) (7)

where the �rst and second terms are the short and the long-range interaction terms respec-

tively, the coe�cient D is a positive constant that accounts for the cost of local polymer

concentration inhomogeneities, the Green function G(r−r′) for the laplace Equation satis�es

∇2G(r − r′) = −δ(r − r′), B is a parameter that introduces a chain-length dependence to
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the free energy.41 The lamellar periodicity is H0 ∝ 1/
√
B. The local free energy is,31,41

H(ψ) =
1

2

[
−τ0 + A(1− 2f0)

2
]
ψ2 +

1

3
v(1− 2f0)ψ

3 +
1

4
uψ4 (8)

where τ0, A, v, u are phenomenological parameters31 which can be related to the block-

copolymer molecular speci�city. Previous works31,35,42 describe the connection of these

e�ective parameters to the BCP molecular composition. τ ′ = −τ0 + A(1 − 2f0)
2, D and

B can be expressed42 in terms of degree of polymerization N , the segment length b and

the Flory-Huggins parameter χ(inversely proportional to temperature) . Subsequently, we

will consider u and v constants,43 which de�ne all the parameters identifying the BCP local

free energy H(ψ) . As previously shown,44,45 CDS can be used along with more detailed

approaches like dynamics self-consistent �eld theory (DSCFT), using CDS as a precursor in

exploring parameter space due to the computationally inexpensiveness nature of CDS. We

can express the time evolution of ψ , Equation 6, using CDS as

ψ(ri, t+ 1) = ψ(ri, t)− δt[〈〈Γ(ri, t〉〉 − Γ(ri, t) +B[1− P (ri, t)ψ(ri, t)]− ηξ(ri, t)]] (9)

ri being the position of the node i at a time tδt, and the isotropic discrete laplacian for a

quantity X is given by46 1
δx2

[〈〈X〉〉 −X]. Speci�cally, we will use

〈〈ψ〉〉 =
1

6

∑
NN

ψ +
1

12

∑
NNN

ψ (10)

NN, NNN meaning nearest neighbours and next-nearest neighbours, respectively, for the two

dimensional case. The lattice spacing is δx.

In Equation 9 we have introduced the auxiliary function

Γ(r, t) = g(ψ(r, t))− ψ(r, t) +D [〈〈ψ(r, t)〉〉 − ψ(r, t)] (11)
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and also, the map function31,47

g(ψ) = −τ ′ψ − v(1− 2f0)ψ
2 − uψ3 (12)

Polymer/colloid interaction

Contrary to the polymeric matrix, a suspension of Np nanoparticles describes each colloidal

NP individually through the center of mass and orientation degrees of freedom Ri, φi. The

interaction between the polymer and colloids is introduced through a contribution to the

free energy Fcpl, which must take into account the fact that colloids may have a preference

for the A-block of the A-b-B BCP. The simplest free energy that satis�es that is

Fcpl =

Np∑
i=1

σ

∫
dr ψc(r,Ri, φi) [ψ(r)− ψ0]

2 (13)

where σ de�nes the strength of the interaction between polymer and colloids, and ψ0 describes

the a�nity of NPs with the BCP.

In previous works,35 the size, shape and core/shell properties of the NP are described

through the tagged function48 ψc(r). In order to account for non-spherical colloids, we

generalise the spherical shape into an non-rotated ellipse placed at Ri = (0, 0) as

ψc(x, y) = exp

[
1− 1

1−
(
x
a

)2 − (y
b

)2
]

(14)

which can be trivially extended for an arbitrary rotation φi. The particle shape and size

is characterised by a major semiaxis a, and hard-core major semiaxis a0 = a/
√

1 + 1/ ln 2,

and the same relationship holds for the minor semiaxis b. The ratio e = b/a accounts for

anisotropy of the ellipse. The tagged function is ψc(r) = 0 outside of the ellipsoids, that is,

for (x/a)2 + (y/b)2 > 1.
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Interparticle potential

In order to introduce colloid-colloid interactions we require an orientational-dependent pair-

wise additive potential. The potential we use is the standard Gay-Berne (GB) potential49,50

which derives from a Gaussian overlap study of ellipsoids, making it suitable to our in-

teractions. The GB potential has been widely used to describe liquid crystals.51,52 The

interparticle potential can be written as

V (û1, û2, r) = ε(û1, û2, r̂)

[(
1

r − σ(û1, û2, r)

)12

−
(

1

r − σ(û1, û2, r)

)6
]

(15)

which is a modi�ed Lennard-Jones interaction with anisotropic length and energy scales,

σ(û1, û2, r̂) and ε(û1, û2, r̂), respectively. The centre-to-centre distance is r while ûi stands

for the orientation of the major axis of particle i. This potential provides a length scale that

describes the anisotropy of the ellipsoid

σ(û1, û2, r̂) = 2b

{
1− 1

2
χ

[
(r · û1 + r + ·û2)

2

1 + χ(û1 · û2)
+

(r · û1 − r + ·û2)
2

1− χ(û1 · û2)

]}−1/2
(16)

and takes a value 2b at the side-to-side con�guration. The energetic anisotropy is described

with two parameters: U0 describes the strength of the interaction while εr = εe
εs
is an expres-

sion of the anisotropy of the wells. The depth of the well is given by

ε(û1, û2, r̂) = ε(û1, û2)ε
′2(û1, û2, r̂) (17)

with

ε(û1, û2) = U0

[
1− χ2(û1 · û2)

2)
]−1/2

(18)

and

ε′(û1, û2, r̂) = 1− 1

2
χ′
[

(r · û1 + r + ·û2)
2

1 + χ′(û1 · û2)
+

(r · û1 − r + ·û2)
2

1− χ′(û1 · û2)

]
(19)
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where two anisotropy parameters are introduced, regarding length and energy, respectively,

χ =
a2 − b2

a2 + b2
; χ′ =

ε
1/2
s − ε1/2e

ε
1/2
s + ε

1/2
e

(20)

Colloid Dynamics: Brownian Dynamics

Since the NPs are anisotropic, the equation of motion does not involve only the friction

constants but a di�usion tensor, D. In general,53

dr

dt
= Dt · f (21)

while the particle's orientational degree of freedom relates to the random (Mr) and exerted

torques as

∂φi
∂t

= (Mi +Mr) /γφ; Mi = −∂F
∂φi

(22)

with54

Dt = D̄I +
1

2
∆D

cos 2φ sin 2φ

sin 2φ − cos 2φ

 (23)

and D̄ = 1
2
(Da+Db) and ∆D = Da−Db, Da and Db being the di�usion constants along each

axis. The values of Da, Db and γφ are derived from the expressions obtained by Perrin55�57

Order parameter

To describe the orientation of the anisotropic NP, an order parameter can be used, which

has been extensively employed in nematic liquid crystal systems,

S = 〈2(û ·P)2 − 1〉 (24)

which is an average over all particles of the scalar product of the orientation unit vector û

and a local unit vector P that is related to the gradient of the polymer order parameter
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ψ(r, t). This unit vector P is normal to the interface between copolymer domains.

Results and discussion

As a �rst approach, we study the condition for the appearance of an ordered phase in a BCP

with di�erent compositions f0, which gives rise to a variety of BCP morphologies. After

that, the role of the NR length will be described, in relation to the BCP periodicity. Finally,

the role of the NP-NP interaction is asserted taking into account several initial conditions.

We introduce dimensionless parameters rescaling D → D/δx2 and B → Bδx2. Lengths

are expressed in terms of grid points. The standard values of CDS31,32,35 will be used τ0 =

0.35, u = 0.5, v = 1.5, A = 1.5, D = 1.0 while the BCP/NP interaction is set to σ = 1.0. A

cell spacing δx = 0.5 and time discretisation δt = 0.1 are chosen. Unless otherwise speci�ed,

the NP size is set to a0 = 2 and e = 0.3 while the BCP periodicity is determined by the CDS

parameter B = 0.002. The box size of simulations is 128 × 128 except for larger systems

which are explicitly stated in the text.

This work focuses on A-block compatible NPs inspired by experimental ordered hierar-

chical structures of NRs in BCP,22,23 by selecting a value of the a�nity ψ0 = −1 in reduced

units with the equilibrium value of ψ. The anisotropy of experimental NRs is modelled with

ellipsoidal NPs with a Gay-Berne potential. Recently, a generalised approach to NP shape

has been presented to simulate superellipses immersed in BCP,58 including rectangular-

shaped NPs. Nonetheless, the lack of an appropriate NP-NP potential limits the realistic

comparison with experiments. We expect that, despite the di�erences in shape, the inclu-

sion of anisotropic shape and orientation-dependent NP-NP potential will be su�cient to

mimic experimental results, while limiting the possibility to stablish a one-to-one comparison

between experiments and simulations.
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Phase diagram of A-compatible ellipsoidal colloids

The phase diagram of diblock copolymer/colloids has been widely studied both for nanospheres10

and anisotropic NPs.17 The presence of NPs which are compatible with one of the blocks

increases the e�ective overall volume fraction of the hosting domain, which in turn results in

a phase transition. As a �rst approach to a system of BCP and anisostropic NPs, we explore

the e�ect that ellipse-shaped colloids have on the BCP morphology, by analysing the phase

of BCP with arbitrary composition f0 in the presence of a �lling fraction φp of NPs.

Figure 1: Phase diagram of a diblock copolymer nanocomposite system characterised by a
�lling fraction φp of ellipsoidal colloids and f0 volume fraction of the A blocks in the neat
BCP. Squares, blue circles and red circles stand for lamellar, cylindrical phase and inverted
cylindrical phase, respectively. Dotted markers represent phase points in which S > 0.3 (eq.
24) ie, where ellipsoids are aligned mostly normal to the interface.

In Figure 1 the �lling fraction of ellipsoids is explored for di�erent BCP compositions,

f0. The NP-NP interaction scale is set to U0/σ = 0.01 so that the interparticle potential

is not dominating over the BCP-NP interaction. As expected, at low �lling fraction , φp,
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particles are simply segregated within their preferred phase (blue) which within the tested

range of f0 is the minority phase. In the absence of constrains by the BCP (ie. a low local

�lling fraction) ellipsoids display no orientational order. Furthermore, the BCP maintains a

cylindrical phase (circular domains, in two dimensions).

At higher �lling fractions, the ellipsoids enlarge the hosting domains to a point in which

a cylinder-to-lamellae phase transition is induced. At the same time, higher �lling fractions

lead to a particular ordered phase in the colloids: ellipsoids prefer to orient normal to the

interface and with a side-to-side interparticle con�guration. This phase has been reported

experimentally by Shenhar and Banin,22,23 where ordering was reported to be driven by

both attractive NP-NP interaction and minimisation of the repulsive interactions between

the NRs and the B phase.

The orientation of the ellipsoids relative to the local interface is tracked by using the

order parameter S de�ned in equation 24. In Figure 1 a black dot is added for phase points

in which S > 0.3, that is, where orientational order is considerably high. Furthermore, we

can de�ne an e�ective �lling fraction on the basis of A-compatible colloids having a reduced

volume VA = f0Vtotal available space to occupy. This e�ective �lling fraction is10

φeffp =
φp
feff

=
φp

φp + (1− φp)f0
(25)

A plot of the orientational order parameter S against the de�ned e�ective �lling fraction

of ellipsoids is shown in Figure 2 where disorder (S ∼ 0) is found for low e�ective �lling

fraction. A rapid change in S occurs as a moderate e�ective �lling fraction is reached,

while at the same time the cylinders-to-lamellae transition is induced. This suggests that

the orientational order strongly depends on the �lling fraction of ellipsoids relative to the

hosting domain, that is, ellipsoids need to be considerably constrained within their hosting

domains. It is noted that inverted cylindrical phase (ie, ellipsoids occupying the majority of

the space) display slightly lower order than lamellar ones, despite being at higher e�ective
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�lling fraction. This is due to higher local curvature of the interfaces that is characteristic

of BCP cylindrical phases. This hypothesis is corroborated by analysing the snapshots in

detail in the next �gures.

Figure 2: Values of the orientational order parameter S for di�erent values of the e�ective
volume fraction of ellipsoids φeffp as of eq. 25. Squares, blue circles and red circles stand for
lamellar, cylindrical phase and inverted cylindrical phase, respectively.

Figure 3 (a) shows an instance of ordering at a moderate �lling fraction φp = 0.16 and

f0 = 0.4 in a 256×256 grid system. One can notice that the side-to-side con�guration is not

homogeneous along the domains. Instead, we observe coexistence of both 1 and 2 rows, along

with disordered states and even parallel (along the interface) orientation. Nonetheless, this

behaviour appears more often near curved interfaces, as well as near defects of the lamellar

structure. These features can be found in experiments involving CdSe NRs mixed with

PS-b-PMMA at a �lling fraction φ = 0.26. This high resolution SEM image displays the

side-to-side con�guration of NRs within the PS domains. In Fig. 3 (b), 1 and 2 rows occur

for the same NR size and instances of disorder of parallel con�guration appear, specially at
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the end of domains or at intersections, that is, defects in the lamellar structure. Details of

the experimental setup and initial conditions can be found in reference.23

Figure 3: Moderate �lling fraction of anisotropic NPs in diblock copolymer mixture. Com-
parison between (a) simulations with inset and (b) SEM image showing 33 nm-long CdSe
NRs co-assembled with PS-b-PMMA with H0 = 132 nm periodicity (PS domain size is
L0 = 75 nm). The experimental NR diameter is 4.6 nm with a �lling fraction 0.26.

Relative size of hosting domain/nanoparticle

In Figure 3 (b) the size of the NR major axis is chosen to �t two rows into a BCP lamellar

domain. Similarly, in Figure 3 experiments and simulations show coexistence of 1 and 2

rows of anisotropic NPs. The role of the relative 2a/(H0/2) size can be explored for a higher

number of rows by simulating a larger periodicity, given by the parameter B in the Ohta-

Kawasaki free energy, which determines the value of the BCP periodicity H0. Figure 4 shows

simulations of 3 di�erent sizes. The values are chosen to �t 3, 4 and 5 rows. While the larger

sizes in Figure 4 (b) and (c) show a well ordered con�guration, the global order of the a = 2

case is low (a). This is in accordance with experiments22 in which smaller NRs displayed

lower ordering.

Composto et al16 showed that when the major dimension of NRs is larger than the lamella

domain width, colloids tend to orient along the domain axis. While experiments have shown

that smaller NRs orient normal to the domain direction, intermediate sizes can be explored
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Figure 4: Final step of a system of ellipsoids with b = 0.6 minor axis and three values of
major semi-axis a0 = 2, 2.5 and 3.33 for (a) (b) and (c), respectively. . The BCP constant
B = 0.0002 is used to result in a large lamella domain.

using simulations. In Figure 5 we explored the role of the ratio 2a/L with 2a being the

e�ective major length of the ellipsoid and L = H0/2−2ξ, which is a measure of the available

horizontal spacing for NPs. We should note that inspection of the ψ pro�le shows a clear

weak segregation regime for the BCP, which makes di�cult to delimiter an interface/bulk

region. In any case, the curve of S along with the snapshots in Figure 5 clearly shows a

S ∼ 1 regime when the ellipsoids can easily �t into the domains and normal to the interface.

As the size of the NPs is increased, a slight rotation appears, which results in a decrease

in S. In conclusion, we observe a tilted con�guration when the ratio between the major

dimension of the ellipsoid and the BCP spacing is slighly larger than 1.

Low volume fraction of nanoparticles

The side-to-side, perpendicular-to-domain-axis colloid con�guration is shown to appear when

the anisotropic NP occupies most of the hosting domain, thus the surrounding B-block

boundary in�ects a pressure. In Figure 6 we show that even at low �lling fraction the

normal con�guration holds. This is due to the attractive interaction between colloids, which

minimizes the free energy even at relatively low �ling fractions. The simulations (a) show

a resemblance with the experiments in (b), where NPs indeed form aggregates within their
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Figure 5: Decrease of orientational ordering of ellipsoids when the size of the major axis 2a
is larger than the available normal spacing H0/2− 2ξ with H0 the lamella periodicity and ξ
the interface semi-size
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preferred domain. Defects (perpendicular and disordered orientation) are present both in

simulations and experiments.

Figure 6: Low �lling fraction of anisotropic NPs in BCP, comparing (a) simulations and
(b) SEM image of 33 nm long CdSe NRs at a 0.15 �lling fraction. The diameter of the
experimental NRs is 4.6 nm. Unoccupied lamellar domain which is available for NPs is
shown in light gray/white in (a) and as gray areas in (b).

Role of the initial condition

The hierarchical co-assembly displayed by NRs in experiments depends on the initial ar-

rangement of particles within the BCP before annealing.22,23 In particular, the BCP was

unable to break already-formed NP clusters. For that reason, simulations can be used to

study the co-assembly starting from di�erent initial conditions. A competition between the

tendency of attractive NPs to form aggregates on the one hand, and the equilibrium periodic

morphology of the BCP on the other hand needs to be studied in detail. For that reason

two limiting regimes are selected: weakly and strongly interacting NPs with U0 = 0.001 and

1.0, respectively.
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Weakly interacting nanoparticles

Figure 7 shows �ve instances of the evolution of a system of relatively short particles with

respect to the lamellar spacing of the diblock copolymer. The initial and �nal states are

shown, while the order parameter S(t) plot over time can be found in the right-most column.

In all cases a dotted line marks the horizontal line S = 0, so that instances of ordering

S > 0 are clear. In this �gure, the BCP concentration pro�le is initialised as a sinusoidal,

therefore, it is initially ordered. In (a), the NPs are randomly oriented and placed within the

white domains. The system is then evolved into a �nal, ordered con�guration of side-to-side

ellipses. The system also exhibits alternating one and two rows of ellipses. (b), (c) and

(d) show three di�erent initial conditions regarding the orientation of the ellipses at t = 0,

respectively, φi = 0, π/2 and π/4. Regardless of the initial condition, the �nal con�guration

is similar, meaning that this con�guration is energetically favourable. The order parameter

S in (a), (c) and (d) reaches a �nal (approximately steady) state only at the very long

stages of the simulation. Instead, the already-horizontal ordering of the ellipses in (b) barely

changes S over time. Finally, (e) shows ellipses which are initially forming clusters in their

preferred BCP domains. The �nal BCP morphology lacks the global orientation of the

previous instances, since the NPs are initially forming clusters. Nonetheless, the orientation

and ordering of ellipses is equally normal to the interface, which can be checked visually and

by the positive S value of the orientational order parameter.

Figure 8 shows four instances of NR initial con�guration in an initially disordered BCP.

While the position of the particles is randomly chosen, the orientation is random for (a) and

φi = 0, 0.35π for (b) and (c), respectively. The �nal state is shown in the central column

whereas the evolution of the order parameter is displayed in the right column. In (d) the

NPs are initially forming clusters without a collective orientation (disordered). In all of

these cases the �nal state is a side-to-side con�guration with ellipses oriented normal to the

interface, that is, S > 0. Observing the evolution of S(t) one can notice that the (b) and

(c) cases reach the �nal S value at a much shorter timescale than angularly-disordered cases
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Figure 7: Initial and �nal snapshot of several systems with di�erent initial conditions. The
time evolution of the orientational order parameter S(t) is also shown for each case. In all
cases the BCP is initially set to a sinusoidal concentration pro�le. In (a), NPs are randomly
oriented and positioned, within the white domain. In (b),(c) and (d), positions are again
randomly chosen, while the orientation is φi = 0, π/2, π/4, respectively. In (e), the ellipses
are placed randomly within clusters.
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(a) and (d).

Figure 8: Initial and �nal snapshot of several systems with di�erent initial conditions. The
time evolution of the orientational order parameter S(t) is also shown for each case. In all
cases the BCP is initially random(disordered). In (a) the orientation and position of all
particles is chosen randomly. In (b) and (c), the position is chosen randomly, while the
orientation with respect to the horizontal axis is φi = 0, 0.35π, respectively. In (d) the
particles are initially forming clusters.

Figure 9 shows an initially ordered diblock copolymer, with NPs forming clusters with a

low internal order (contrary to Figure 7 (e) ) in which the internal orientation was random)

. The time evolution suggests that the NPs are dispersed within the BCP, which is modi�ed

to accommodate the existing long-ordered sequences of ellipses. NPs form ordered arrays of
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side-to-side orientation within the white domains.

Figure 9: Initially ordered BCP with NP forming ordered clusters at t = 0. Initial and �nal
snapshots are shown in the left and center �gures while the order parameter S(t) is displayed
in the right-most �gure.

Strongly interacting nanoparticles

In all of the above described cases, the BCP is able to acquire a stripe-like morphology,

while NPs tend to appear relatively dispersed within the A domains, regardless of the initial

condition. This was valid for particles which interact weakly between each other, such as

metal NPs that lack a �xed dipole moment. Nonetheless, semiconductor NRs, such as CdSe,

exhibit a dipole moment which gives rise to a strong interparticle attractive interaction that

leads to a strong tendencty towards particle aggregation.23

A strong interparticle potential scale parameter U0 = 1 can be used to understand the

co-assembly behavior in the strong interparticle potential limit, as shown in �gures 10,11 and

12. These are directly related to �gures 7, 8 and 9 by selecting the same initial conditions.

Comparing �gures 7 (weakly interacting) and 10 (strongly interacting) we can clearly

draw the conclusion that at U0 = 1 the NPs are driving the co-asembly, with the BCP

domains being formed around aggregates of colloids (except for (b), as compared with the

weakly interacting case, in which the BCP tended to form elongated lamellar-like domains.

Ordering in the NPs is also strongly dominated by the initial con�guration in the U0 = 1

regime, with S reaching positive values only in (b) and (e) cases. A comparison between

the curve of S(t) in Figure 7 (c) and 10 (c) leads to the conclusion that in the weakly
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interacting NPs regime the NPs undergo �rst a dispersion within the BCP domains, while in

a slower time scale the NPs achieve global normal orientation with the BCP interface. This

global ordering is not present at U0 = 1, where the strong interparticle potential rapidly

assembles the NPs into vertically oriented groups of particles in aggregates. Similarly, in (e)

the aggregated particles at t = 0 tend to form clusters also after the time evolution, with

the BCP clearly being forced to form less elongated domains.

The initial orientation of NPs when the BCP is initially disordered also a�ects the co-

assembly in the strong interacting NP regime. In Figure 11, compared to its equivalent shown

in �gure 8, clearly displays less elongated domains, with NPs more prone to form well-ordered

structures, while at the same time forming more aggregates that enhance the local size of the

hosting domains. Again, this suggests that the BCP is unable to complete its assembly by

disassembling the aggregates, instead, it merely forms domains around aggregates of ellipses.

Similarly, in Figure 12 the initial NP aggregates cannot be broken into elongated domains

to the same degree as occurred in Figure 9. Instead, the BCP forms domains around clusters

of particles. Since the initial aggregates were already made of considerably well-ordered NPs,

the �nal S value is particularly high, meaning that a high ordering is achieved.

In summary, the role of the initial condition is crucial when the NPs interact strongly

with each other. This strong interaction leads to the formation of aggregates in the early

stages of the time evolution of the system that are not broken by the BCP evolution (whether

it is from disorder to order, or an already phase-separated BCP). Weakly interacting NPs,

on the other hand, undergo a co-assembly on a similar time scale as the BCP, therefore, the

side-to-side along with the normal-to-interface con�guration is easily obtained under any

initial condition.

Role of energy parameters

Simulations can be used to gain insight on the e�ect that the interaction parameters have on

the formation of the side-to-side con�guration normal to the interface between domains. A
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Figure 10: Initial and �nal snapshot with di�erent initial conditions (same as Figure 7) in the
strong interaction regime U0 = 1. The time evolution of the orientational order parameter
S(t) is also shown for each case. In all cases the BCP is initially �xed to a sinusoidal
concentration pro�le. In (a), NPs have initial random orientation and their position is
random and con�ned to the white domains. In (b),(c) and (d), positions are again randomly
chosen, while the orientation is φi = 0, π/2, π/4, respectively. In (e), the ellipses are placed
randomly within small clusters
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Figure 11: Initial and �nal snapshot with di�erent initial conditions (same as Figure 8) in the
strong interaction regime U0 = 1. The time evolution of the orientational order parameter
S(t) is also shown for each case. In all cases the BCP is initially random(disordered). In
(a) the orientations and positions of all particles are chosen randomly. In (b) and (c), the
position is chosen randomly, while the orientation with respect to the horizontal axis is φi = 0
and 0.35π, respectively. In (d) the particles are initially forming clusters.
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Figure 12: Initially ordered BCP with NP forming ordered clusters at t = 0. Initial and
�nal snapshots are shown in the left and center �gures while the order parameter S(t) is
displayed in the right-most �gure. The NP-NP interaction parameter is U0 = 1.

simple energy analysis for NRs suggests that this con�guration is energetically preferential

both for the inter-colloidal potential and the NP-polymer coupling.22,23

The interparticle Gay-Berne potential described in the Model section sets the interaction

between two ellipses with two energetic parameters: U0 sets the scale of the interaction,

while εr describes the anisotropy in the depth of the potential minima. For that reason, in

Figure 13 we explore these two parameters via the orientational order parameter S. It is

clear that the anisotropy value εr is key on the formation of the side-to-side con�guration as

we �nd S ∼ 0 as the anisotropy of the potential is closer to 1. This leads to more tip-to-tip

con�gurations, which in turn are better accommodated with the NPs oriented along the

domains, as can be found in the two snapshots in the right hand-side of Figure 13. Contrary

to that, high anisotropy leads to well-ordered side-to-side con�guration. Because the lamella

domain spacing is similar to the major size of the ellipses, the BCP accommodates only one

row of ellipses.

Figure 13 shows that the energetic scale U0 plays a less relevant role than the anisotropy

factor εr. We observe that even at low values of U0 the ordering is kept S > 0.4 which

is indicative that the con�guration is stable even at low interparticle potential strengths.

These results are in accordance with a simple energy analysis shown in the Supplementary

Information, where we conclude that in order to have an energy minimum in the side-to-side

con�guration, e >> εr should be satis�ed.
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Figure 13: Orientational order parameter S for di�erent �nal stages tuning the interparticle
potential parameters: U0 and εr, the strength and anisotropy of the Gay-Berne potential,
respectively. Three snapshots of the representative parameters are shown.
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Such energy analysis is considered only in the case of relatively high �lling fraction of

NPs in the system, a regime in which the particles-to-polymer coupling is considerably

strong, as the contacts between the colloids and the interfaces become important. Figure

14 shows a phase diagram of the �lling fraction of particles in the system φp, and the

strength of the potential U0. The cylinder-forming neat BCP is chosen by setting f0 =

0.3. The orientational order is characterised by the order parameter S. In the low �lling

fraction regime we can �nd ellipsoids segregated within the minority white domains without

a particular orientation with respect to the BCP interface. On the other hand, at high �lling

fraction the nanoparticles can induce a transition into elongated BCP domains. In this

regime, a lower value of U0 leads to a higher ordering. Contrary to that, a large interaction

strength leads to the interparticle potential driving the ordering behaviour of the system.

In this regime the NPs are less prone to minimise the contacts with the black domains, and

minimisation of the interparticle potential is dominant enough. This result agrees with the

conclusion drawn from the comparison between �gures 7-9 and �gures 10-12 which showed

that a lower interaction strength led to a higher degree of ordering.

We can therefore conclude that at low volume fraction, strong interparticle interaction

is necessary for obtaining ordered NP superstructures. This is not the case at higher �lling

fraction, in which merely the NP-BCP interaction is enough to ensure that the NP will

assemble in the described con�guration.

Conclusions

The co-assembly of anisotropic nanoparticles in BCPs has been studied by means of meso-

scopic simulations in the case of A-modi�ed NPs with an elliptical shape. Ellipsoidal

nanoparticles have been shown to induce phase transitions in the block copolymer matrix

due to an increase in the e�ective concentration of the hosting copolymer. In turn, the

combination of BCP-NP coupling and intercolloidal attractive forces leads to a well-ordered
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Figure 14: Phase diagram of the assembly of ellipses in a diblock copolymer with f0 = 0.3.
The number of particles is explored in the X axis φp and the strength of the interparticle
potential is tuned via U0. Markers relate to the value of the orientational order parameter
as: blue cross x for S < 0.01; red dots · for 0.01 < S < 0.3; and black plus sign + for S > 0.3

28



con�guration of anisotropic colloids which reproduces experimental results.22,23 When con-

�ned within one of the BCP phases, ellipsoids are found to orient normal to the domain

axis in order to minimise the contacts with the surrounding incompatible phase while min-

imising the angle-dependent intercolloidal potential. Ellipsoidal colloids are used to mimic

CdSe nanorods mixed with PS-b-PMMA used in experiments. Direct comparison between

microscopy images and simulations shows considerable similarity between simulations and

experimental results. The size of the NP with respect to the BCP periodicity plays a cru-

cial role in the assembly of anisotropic colloids. Smaller NPs tend to form more rows than

large ones for a given BCP periodicity, whereas the ordering increases with larger particles,

which is in accordance with experiments. Furthermore, NPs that are slightly larger than

the lamellar spacing undergo a rotation with respect to the interface, while maintaining the

side-to-side intercolloidal organisation.

A study of several di�erent initial conditions (both initially ordered and disordered)

has drawn the conclusion that weakly interacting NRs organise side-to-side within a phase-

separated BCP that achieves a lamellar morphology, regardless of the initial condition. In

this regime the BCP can undergo the usual phase-separation even in the case of an initially-

clustered NP con�guration. On the other hand, the initial con�guration of colloids is crucial

in the case of strongly-interacting nanoaparticles, which are trapped in a metastable state

that does not allow the system to reach a side-to-side organisation. This occurs, for example,

if NPs are initially forming aggregates, which the BCP is unable to break-up. Weakly

interacting NR's behaviour can be related to metal NRs which lack a �xed dipole moment, in

which the co-assembly is mostly dictated by the block copolymer morphology. Semiconductor

NRs such a CdSe display a �xed dipole moment (3.3 × 10−28 C m for 33 nm rods,59 for

example) leading to side-to-side organisation even at low concentrations. Even higher NR-

NR interaction such as ZnO NR ( dipole moment of 4.1×10−26 C m for 33 nm rods60) can be

related to a high value of U0. Finally, a high energy anisotropy in the colloid-colloid potential

has been shown to be crucial for determining the �nal side-to-side/normal to domain axis
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con�guration.

In summary, we have presented a computational method that mimics a complex co-

assembly process of anisotropic NPs in BCPs. We have been able to gain insight over the

role of several parameters that are experimentally di�cult to explore. We have identi�ed the

importance of the relative size between the NP main axis and the lamellar spacing, which

dictates the relative orientation and the number of rows in the assembly. Two di�erent

energy regimes have been identi�ed: weakly and strongly interacting NPs undergo di�erent

types of co-assembly with the BCP, which corresponds to semiconductor and metallic NPs.

Weakly-interacting NPs with a high energetic anisotropy have been shown to display the

highest level of side-to-side con�guration while allowing the BCP lamellar morphology to

fully develop.

Acknowledgement

I. P. acknowledges support from MINECO (Grant No. PGC2018-098373-B-100), DURSI

(Grant No. 2017 SGR 884) and SNF Project No. 200021-175719. The authors thank

Elina Ploshnik, Asaf Salant and Uri Banin for their contribution to the experimental results

shown in the paper. Financial support was provided by the Israeli Science Foundation, grant

number 229/17. JD thanks the BritishSpanish Society for �nancial support.

Supporting Information Available

A simpli�ed energetic analysis to justify the side-to-side, normal to interface orientation of

nanorods

30



References

(1) Bates, F. S.; Fredrickson, G. H. Block Copolymers�Designer Soft Materials. Physics

Today 1999, 52, 32�38.

(2) Bates, F. S.; Fredrickson, G. H. Block Copolymer Thermodynamics: Theory and Ex-

periment. Annual Review of Physical Chemistry 1990, 41, 525�557.

(3) Bates, F.; F. Schulz, M.; K. Khandpur, A.; Förster, S.; H. Rosedale, J.; Almdal, K.;

Mortensen, K. Fluctuations, conformational asymmetry and block copolymer phase

behaviour. Faraday Discussions 1994, 98, 7�18.

(4) Matsen, M. W.; Bates, F. S. Unifying Weak- and Strong-Segregation Block Copolymer

Theories. Macromolecules 1996, 29, 1091�1098.

(5) Hashimoto, T.; Shibayama, M.; Kawai, H. Domain-Boundary Structure of

Styrene-Isoprene Block Co-Polymer Films Cast from Solution .4. Molecular-Weight

Dependence of Lamellar Microdomains. Macromolecules 1980, 13, 1237�1247,

WOS:A1980KM67900040.

(6) Okumura, A.; Tsutsumi, K.; Hashimoto, T. Nanohybrids of Metal Nanoparticles and

Block Copolymers. Control of Spatial Distribution of the Nanoparticles in Microdomain

Space. Polymer Journal 2000, 32, 520�523.

(7) Kim, B. J.; Bang, J.; Hawker, C. J.; Kramer, E. J. E�ect of Areal Chain Density on

the Location of Polymer-Modi�ed Gold Nanoparticles in a Block Copolymer Template.

Macromolecules 2006, 39, 4108�4114.

(8) Pryamitsyn, V.; Ganesan, V. Strong Segregation Theory of Block Copolymer-

Nanoparticle Composites. Macromolecules 2006, 39, 8499�8510.

(9) Pryamitsyn, V.; Ganesan, V. Origins of Linear Viscoelastic Behavior of Polymer-

Nanoparticle Composites. Macromolecules 2006, 39, 844�856.

31



(10) Huh, J.; Ginzburg, V. V.; Balazs, A. C. Thermodynamic Behavior of Particle/Diblock

Copolymer Mixtures: Simulation and Theory. Macromolecules 2000, 33, 8085�8096.

(11) Thompson, R. B.; Ginzburg, V. V.; Matsen, M. W.; Balazs, A. C. Block Copolymer-

Directed Assembly of Nanoparticles: Forming Mesoscopically Ordered Hybrid Materi-

als. Macromolecules 2002, 35, 1060�1071.

(12) Thompson, R. B. Predicting the Mesophases of Copolymer-Nanoparticle Composites.

Science 2001, 292, 2469�2472.

(13) Bockstaller, M. R.; Lapetnikov, Y.; Margel, S.; Thomas, E. L. Size-Selective Organi-

zation of Enthalpic Compatibilized Nanocrystals in Ternary Block Copolymer/Particle

Mixtures. Journal of the American Chemical Society 2003, 125, 5276�5277.

(14) Bockstaller, M. R.; Mickiewicz, R. A.; Thomas, E. L. Block Copolymer Nanocom-

posites: Perspectives for Tailored Functional Materials. Advanced Materials 2005, 17,

1331�1349.

(15) Hore, M. J. A.; Composto, R. J. Functional Polymer Nanocomposites Enhanced by

Nanorods. Macromolecules 2014, 47, 875�887.

(16) Deshmukh, R. D.; Liu, Y.; Composto, R. J. Two-Dimensional Con�nement of Nanorods

in Block Copolymer Domains. Nano Letters 2007, 7, 3662�3668.

(17) Tang, Q.-y.; Ma, Y.-q. Self-Assembly of Rod-Shaped Particles in Diblock-Copolymer

Templates. The Journal of Physical Chemistry B 2009, 113, 10117�10120.

(18) Laicer, C. S. T.; Chastek, T. Q.; Lodge, T. P.; Taton, T. A. Gold Nanorods Seed

Coaxial, Cylinder-Phase Domains from Block Copolymer Solutions. Macromolecules

2005, 38, 9749�9756.

(19) Thorkelsson, K.; Mastroianni, A. J.; Ercius, P.; Xu, T. Direct Nanorod Assembly Using

Block Copolymer-Based Supramolecules. Nano Letters 2012, 12, 498�504.

32



(20) Thorkelsson, K.; Nelson, J. H.; Alivisatos, A. P.; Xu, T. End-to-End Alignment of

Nanorods in Thin Films. Nano Letters 2013, 13, 4908�4913.

(21) Krook, N. M.; Ford, J.; Maréchal, M.; Rannou, P.; Meth, J. S.; Murray, C. B.; Com-

posto, R. J. Alignment of Nanoplates in Lamellar Diblock Copolymer Domains and

the E�ect of Particle Volume Fraction on Phase Behavior. ACS Macro Lett. 2018,

1400�1407.

(22) Ploshnik, E.; Salant, A.; Banin, U.; Shenhar, R. Co-assembly of block copolymers

and nanorods in ultrathin �lms: e�ects of copolymer size and nanorod �lling fraction.

Physical Chemistry Chemical Physics 2010, 12, 11885.

(23) Ploshnik, E.; Salant, A.; Banin, U.; Shenhar, R. Hierarchical Surface Patterns of

Nanorods Obtained by Co-Assembly with Block Copolymers in Ultrathin Films. Ad-

vanced Materials 2010, 22, 2774�2779.

(24) He, L.; Zhang, L.; Xia, A.; Liang, H. E�ect of nanorods on the mesophase structure of

diblock copolymers. The Journal of Chemical Physics 2009, 130, 144907.

(25) He, L.; Zhang, L.; Chen, H.; Liang, H. The phase behaviors of cylindrical diblock

copolymers and rigid nanorods' mixtures. Polymer 2009, 50, 3403�3410.

(26) He, L.; Zhang, L.; Liang, H. Mono- or bidisperse nanorods mixtures in diblock copoly-

mers. Polymer 2010, 51, 3303�3314.

(27) Pan, Z.; He, L.; Zhang, L.; Liang, H. The dynamic behaviors of diblock copoly-

mer/nanorod mixtures under equilibrium and nonequilibrium conditions. Polymer

2011, 52, 2711�2721.

(28) Osipov, M. A.; Gorkunov, M. V. Spatial distribution and nematic ordering of

anisotropic nanoparticles in lamellae and hexagonal phases of block copolymers. The

European Physical Journal E 2016, 39 .

33



(29) Osipov, M. A.; Gorkunov, M. V.; Kudryavtsev, Y. V. Induced orientational order

of anisotropic nanoparticles in the lamellae phase of diblock copolymers. Molecular

Crystals and Liquid Crystals 2017, 647, 405�414.

(30) Osipov, M. A.; Gorkunov, M. V.; Berezkin, A. V.; Kudryavtsev, Y. V. Phase behavior

and orientational ordering in block copolymers doped with anisotropic nanoparticles.

Physical Review E 2018, 97 .

(31) Ren, S. R.; Hamley, I. W. Cell Dynamics Simulations of Microphase Separation in Block

Copolymers. Macromolecules 2001, 34, 116�126.

(32) Pinna, M.; Zvelindovsky, A. V. Large scale simulation of block copolymers with cell

dynamics. The European Physical Journal B 2012, 85 .

(33) Pinna, M.; Zvelindovsky, A. V. M.; Guo, X.; Stokes, C. L. Diblock copolymer sphere

morphology in ultra thin �lms under shear. Soft Matter 2011, 7, 6991.

(34) Dessí, R.; Pinna, M.; Zvelindovsky, A. V. Cell Dynamics Simulations of Cylinder-

Forming Diblock Copolymers in Thin Films on Topographical and Chemically Pat-

terned Substrates. Macromolecules 2013, 46, 1923�1931.

(35) Pinna, M.; Pagonabarraga, I.; Zvelindovsky, A. V. Modeling of Block Copoly-

mer/Colloid Hybrid Composite Materials: Modeling of Block Copolymer/Colloid Hy-

brid Composite Materials.Macromolecular Theory and Simulations 2011, 20, 769�779.

(36) Díaz, J.; Pinna, M.; Zvelindovsky, A. V.; Asta, A.; Pagonabarraga, I. Cell Dynamic

Simulations of Diblock Copolymer/Colloid Systems. Macromolecular Theory and Sim-

ulations 2017, 26, 1600050.

(37) Ploshnik, E.; Langner, K. M.; Halevi, A.; Ben-Lulu, M.; Müller, A. H. E.; Fraaije, J. G.

E. M.; Agur Sevink, G. J.; Shenhar, R. Hierarchical Structuring in Block Copolymer

34



Nanocomposites through Two Phase-Separation Processes Operating on Di�erent Time

Scales. Advanced Functional Materials 2013, 23, 4215�4226.

(38) Diaz, J.; Pinna, M.; Zvelindovsky, A. V.; Pagonabarraga, I. Phase Behavior of Block

Copolymer Nanocomposite Systems: Phase Behavior of Block Copolymer Nanocom-

posite Systems. Advanced Theory and Simulations 2018, 1, 1800066.

(39) Langner, K. M.; Sevink, G. J. A. Mesoscale modeling of block copolymer nanocompos-

ites. Soft Matter 2012, 8, 5102.

(40) Ball, R. C.; Essery, R. L. H. Spinodal decomposition and pattern formation near sur-

faces. Journal of Physics: Condensed Matter 1990, 2, 10303�10320.

(41) Hamley, I. W. Cell dynamics simulations of block copolymers. Macromolecular Theory

and Simulations 2000, 9, 363�380.

(42) Ohta, T.; Kawasaki, K. Equilibrium morphology of block copolymer melts. 1986, 19,

12.

(43) Leibler, L. Theory of Microphase Separation in Block Copolymers. Macromolecules

1980, 13, 1602�1617.

(44) Sevink, G. J. A.; Pinna, M.; Langner, K. M.; Zvelindovsky, A. V. Selective disordering

of lamella-forming diblock copolymers under an electric �eld. Soft Matter 2011, 7,

5161.

(45) Pinna, M.; Schreier, L.; Zvelindovsky, A. V. Mechanisms of electric-�eld-induced align-

ment of block copolymer lamellae. Soft Matter 2009, 5, 970.

(46) Oono, Y.; Puri, S. Study of phase-separation dynamics by use of cell dynamical systems.

I. Modeling. Physical Review A 1988, 38, 434�453.

(47) Bahiana, M.; Oono, Y. Cell dynamical system approach to block copolymers. Physical

Review A 1990, 41, 6763�6771.

35



(48) Tanaka, H.; Araki, T. Simulation Method of Colloidal Suspensions with Hydrodynamic

Interactions: Fluid Particle Dynamics. Physical Review Letters 2000, 85, 1338�1341.

(49) Gay, J. G.; Berne, B. J. Modi�cation of the overlap potential to mimic a linear site�site

potential. The Journal of Chemical Physics 1981, 74, 3316�3319.

(50) Berne, B. J.; Pechukas, P. Gaussian Model Potentials for Molecular Interactions. J.

Chem. Phys. 1972, 56, 4213�4216.

(51) De Miguel, E.; Rull, L. F.; Chalam, M. K.; Gubbins, K. E. Liquid crystal phase diagram

of the Gay-Berne �uid. Molecular Physics 1991, 74, 405�424.

(52) Berardi, R.; Emerson, A. P. J.; Zannoni, C. Monte Carlo investigations of a Gay�Berne

liquid crystal. J. Chem. Soc., Faraday Trans. 1993, 89, 4069�4078.

(53) Han, Y.; Alsayed, A. M.; Nobili, M.; Zhang, J.; Lubensky, T. C.; Yodh, A. G. Brownian

Motion of an Ellipsoid. 2006, 314, 6.

(54) Hagen, B. t.; Tee�elen, S. v.; Löwen, H. Brownian motion of a self-propelled particle.

J. Phys.: Condens. Matter 2011, 23, 194119.

(55) Zheng, Z.; Han, Y. Self-di�usion in two-dimensional hard ellipsoid suspensions. The

Journal of Chemical Physics 2010, 133, 124509.

(56) Happel, J.; Brenner, H. Low Reynolds number hydrodynamics: with special applications

to particulate media, 1st ed.; Mechanics of �uids and transport processes v. 1; M. Nijho�

; Distributed by Kluwer Boston: The Hague ; Boston : Hingham, MA, USA, 1983.

(57) Perrin, F. Mouvement brownien d'un ellipsoide - I. Dispersion diélectrique pour des

molécules ellipsoidales. J. Phys. Radium 1934, 5, 497�511.

(58) Diaz, J.; Pinna, M.; Zvelindovsky, A. V.; Pagonabarraga, I. Nonspherical Nanoparti-

cles in Block Copolymer Composites: Nanosquares, Nanorods, and Diamonds. Macro-

molecules 2019,

36



(59) Li, L.-S.; Alivisatos, A. P. Origin and scaling of the permanent dipole moment in CdSe

nanorods. Phys. Rev. Lett. 2003, 90, 097402.

(60) Dag, S.; Wang, S.; Wang, L.-W. Large Surface Dipole Moments in ZnO Nanorods.

Nano Lett. 2011, 11, 2348�2352.

37


